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FOREWORD

The U.S. Environmental Protection Agency is charged by Congress with pro-
.tecting the Nation's land, air, and water resources. Under a r_nandate of national
environmental laws, the Agency strives to formulate and implement actions lead-
ing to a compatible balance between human activities and the ability of natural
systems to support and nurture life. To meet this mandate, EPA's research
program is providing data and technical support for solving environmental.pro-
biems today and building a science knowledge base necessary to manage our eco-
logical resources wisely, understand how pollutants affect our health, and pre-
vent or reduce environmental risks in the future.

The National Risk Management Research Laboratory is the Agency's center for
investigation of technological and management approaches for reducing risks
from threats to human health and the environment. The focus of the Laboratory's
research program is on methods for the prevention and control of pollution to air,
land, water, and subsurface resources; protection of water quality in public water
systems; remediation of contaminated sites and groundwater; and prevention and
control of indoor air pollution. The goal of this research effort is to catalyze
development and implementation of innovative, cost-effective environmental
technologies; develop scientific and engineering information needed by EPA to
support regulatory and policy decisions; and provide technical support and infor-
mation transfer to ensure effective implementation of environmental regulations
and strategies.

This publication has been produced as part of the Laboratory's strategic long-
term research plan. It is published and made available by EPA's Office of Re-
search and Development to assist the user community and to link researchers
with their clients.

E. Timothy Oppelt, Director
National Risk Management Research Laboratory
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ABSTRACT

Suburban sprawl, population growth, and auto-dependency have, along with
other factors, been linked to air pollution problems in U.S metropolitan areas.
Addressing these problems becomes difficult when trying to accommodate the needs
of a growing population and economy while simultaneously lowering or maintaining
levels of ambient pollutants. - Growing urban areas must, therefore, continually
develop creative strategies to curb increased pollutant production.

This report presents progress towards the development of a computer tool
called MEASURE, the Mobile Emission Assessment System for Urban and Regional
Evaluation. The tool works towards a goal of providing researchers and planners with
a means for assessing new mobile emission mitigation strategies. The model is based
in a geographic information system (GIS) and uses modal emission rates, varying
emissions according to vehicle technologies and modal operation (acceleration,
deceleration, cruise, and idle). Estimates of spatially resolved fleet composition and
activity are combined with situation-specific emission rates to predict engine start and
running exhaust emissions. The estimates are provided at user-defined spatial scales.
A demonstration of model operation is provided using a 100 square kilometer study
area located in Atlanta, Georgia. Future mobile emissions modeling research needs
are developed from an analysis of the sources of model error.
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GLOSSARY AND ACRONYMS

AQL - Georgia Tech’s Air Quality Laboratory.
ARC - The Atlanta Regional Commission, the MPO for Atlanta, Georgia.

ARC/INFO UNIX Based GIS Software by Environmental Systems Research
Institute.

CBD - Atlanta’s Central Business District.

Conflation - The process of transferring textual information from one linear data.
representation to another.

Engine start - Term referring to the emission rate phenomenon occurring during the
first few minutes of a vehicle’s operation.

Enrichment Term referring to the emission rate phenomenon occurring during high
power demand driving.

FTP Federal Test Procedure, the emission test cycle from which the MOBILESa
emission rates were derived.

Geocoding  The process of establishing locational parameters (coordinates) from
textual data.

GIS  Geographic Information System, computer hardware and software used for
storing, displaying, analyzing, and modeling spatial information.

GPS  Global Positioning System, a device used to determine one’s position on the
earth’s surface by triangulating distances from satellites.

HC - Hydrocarbons.

High emitters Term applied to a small portion of the fleet that produces higher
emission rates, usually the result of malfunctioning equipment.
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Hot-stabilized - Term referring to the ‘stable’ emission rates charact.eristic of veh1<.:1es
operating with active emission control equipment, usually occurring after a vehicle

has warmed sufficiently.

LOS - Level of service is used to characterize operational conditions within a traffic
stream and their perception by motorists and passengers.

Makefile - A text script used to manage multiple programs and files.

MEASURE  Mobile Emission Assessment System for Urban and Regional
Evaluation, the model developed by the research reported here.

MOBILESa - The active mandated emission rate model developed by the USEPA.

Modal emissions - Emissions that have been separated by specific operating conditions
that result in distinct changes in emission rate behavior.

MPO - Metropolitan Planning Organization.

NAAQS - National Ambient Air Quality Standards, health-based air quality standards
that cities must not exceed.

Normal emitters - Term applied to vehicles with low to moderate emission rates due to
normal operation of emission control equipment.

NOx - Nitrogen oxides.
Photochemical models - Computer models used to predict ambient air quality.
Pollutants of concern Carbon monoxide, hydrocarbons, and oxides of nitrogen.

Ozone  Pollutant caused by the complex mixing process of NOx and HC in the
presence of sunlight.

Raster - Cell-based spatial data structure.

Running exhaust - Term applied to non-start exhaust pipe emissions that occur while a
vehicle is in operation.

SCF - Speed Correction Factor, the techr .= found in MOB]LESa. for adjusting
emission rates based on the average spe. ¢ a vehicle, or sets of vehicles.

SOV - Single occupancy vehicle.



Sub-fleet - Term applied to any group of vehicles smaller than a regional operating
fleet.

TAZ — The TAZ represents a spatial unit for aggregating socioeconomic data and
resulting trip generation estimates.

Technology group Term applied to categories of vehicles with similar characteristics
resulting in similar emission rates.

TIN - Triangulated Irregular Network.

TMIP - Travel Model Improvement Program, USDOT plan to improve the standard
travel demand forecasting modeling capabilities used by cities.

TRANPLAN Travel demand forecasting software produced by the Urban Analysis
Group.

TRANSIMS - Transportation Analysis and Simulation System.

Travel demand-forecasting models  Models that follow the standard four-step
modeling strategy to predict travel behavior based on socioeconomic and
infrastructure data.

Unix — Unix is an operating system originally developed in the 1960’s and 1970’s by
scientists at the University of California at Berkeley and at AT&T Bell
Laboratories and was designed to be used for running scientific and engineering
applications on large processors.

USDOT - United States Department of Transportation.
USEPA - United States Environmental Protection Agency.

UTPS - Urban Transportation Planning System, a travel demand forecasting model,
developed in the 1960s.

Vector Topologic spatial data structure (points, lines, polygons).

VIN  Vehicle Identification Number, a code number revealing many vehicle
characteristics and found on most vehicles.
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1. INTRODUCTION

Suburban sprawl, population growth, and auto-dependency have, along with
other factors, been linked to air pollution problems in U.S metropolitan areas.
Accordingly, the Clean Air Act and other federal legislation and regulations require
metropolitan areas to develop strategies for reducing air pollution in those cases where
air quality standards are exceeded. An emissions ‘budget’ is established in these
metropolitan areas that provides a benchmark for comparing new emission-generating
activity, and presumably not exceeded. Such a goal becomes difficult when trying to
accommodate the needs of a growing population and economy while simultaneously
lowering or maintaining levels of ambient pollutants. Growing urban areas must,
therefore, continually develop creative strategies to curb increased pollutant
production. Because the largest contributor of pollutant emissions in urban areas has
most often come from transportation (or mobile) sources, transportation is targeted for
new control strategies.

Developing measures of effectiveness and subsequent predictions of overall
impact for control strategies require an understanding of the relationship between
observable transportation system characteristics and emission production. Quantifying
this effectiveness requires modeling these relationships. According to published
research, ‘motor vehicle emission rates are correlated to a variety of vehicle
characteristics (weight, engine size, emission control equipment, etc.), operating
modes (idle, cruise, acceleration, and deceleration), and transportation system
conditions (road grade, pavement condition, etc.) [Guensler, 1994, Barth, 1996].
Exhaust emissions are produced when a vehicle is started and when it is in operation.
Pollutants produced from starting a vehicle can be predicted using vehicle
characteristics. Running exhaust emissions additionally require estimates of dynamic
engine conditions that result from how the vehicle is driven. Estimating motor vehicle
emissions requires the ability to predict or measure these parameters for an entire
region at a level of spatial and temporal aggregation fitting the scope of control
strategies. Current modeling approaches, however, do not have the capability to
provide these estimates.

Today’s motor vehicle emission modeling process is based on four separate
models: a travel demand forecasting model, a mobile emission model, a
photochemical model (for emission inventory), and a microscale model (for analyzing
transportation improvements). The travel demand-forecasting model uses
characteristics of the transportation system and socioeconomic data to develop



estimates- of road-specific traffic volumes and average speeds. Mobile emission
models use these travel demand estimates, operating fleet model year distributions,
and environmental conditions to develop estimates of mobile source pollutant
production. These estimates are fed into photochemical models (along with stationary
source estimates and data regarding atmospheric conditions) and are used to predict
ambient pollutant levels in space and time. These mobile source estimates can also be -

~used by, microscale models- to predict pollutant levels near specific transportation
facilities.

There are several problems with the four-model system that limit effective
evaluatlon of motor. vehicle emission control strategies. First, the estimates of vehicle
actmty (vehlcle miles traveled and average speed) :lack:the accuracy and spatial -
resolution needed to evaluate control measures [Stopher, 1993]. - Second, the mobile
source emission rate modeling process uses highly aggregate fleet-estimates and
average emission rates which are not specific for the- fleet in operatlon mode of
vehlcle operatlon, or, grade of the highway facility. As.a consequence, the current
modelmg system_has limited capabilities for. meeting the modeling requirements of
transportation planners. Transportation planners and environmental assessment and
control officials have need for improved models that help identify the impacts of
standard transportation system improvements (e.g., lane additions, signal timing, peak-
hour smoothing).

- While many researchers agree that new models and processes need to be
developed to overcome these-problems, there is disagreement over the best approach
[Washington, 1996]. The U.S. Environmental Protection Agency and the Federal
Highway Administration held a workshop in Ann Arbor, Michigan'in May, 1997 for
the purpose of identifying and discussing current emission modeling research efforts
[Siwek, 1997]. Afier the workshop, it was. clear that defining appropriate model
aggregation levels is important, in defining how and..what research should be
conducted. A point of departure between the largest vehicle emissions research efforts
(University,of California at Riverside, and the Georgia Institute of Technology) and
_the currently mandated appreach- (MOBILESa) isithe level of aggregation required.
Figure 1.1 gi_emonstra_tes the .spectrum of possible approaches. The figure shows that
highly. aggregate approaches {imit explanatory power, but have reduced data intensity. ~
Disaggregate models have the most explanatory power, but the highest data needs. An
added dimension to the issue is the fact that estimates must be spatially and temporally
resolved, suggesting that an undefined level of spatial and temporal aggregation must
also be defined: In fact, the level of spatial and temporal aggregation of mobile source
emissions needed by photochemical models may help defin¢ the minimum level of
model aggregation currently being ‘debated. -



This report presents a research model that can guide future mobile emissions
model development efforts. A major objective of the model is to incorporate the latest
transportation / air quality findings at a low level of spatial aggregation (restricted only
by data availability). By creating a model under these guidelines, information is
developed that leads to the maximum level of disaggregation given user needs and
data availability. The research model will be comprehensive, flexible, and user-
oriented. It includes enhanced vehicle activity measures; starts, idle, cruise,
acceleration, and deceleration. Vehicle technology characteristics (model year, engine
size, etc.) and operating conditions (road grade, traffic flow, etc.) are developed at a
large scale (small zones and road segments). Flexibility is achieved through a modular
design that separates emission production based on thresholds determined in
background research. Due to large gaps in the state of knowledge, technology, and
practice regarding travel behavior, emission rates, and the urban system inventory, the
accuracy of the model results remains unvalidated and therefore unknown. However,
the mode! contributes to transportation and air quality research in that it aids research
and software development endeavors.

Emission Rates

. : ividual Individual
Average Vehicle Class Tech Groups  Tech Groups Individua vicud

icl Vehicl
Fleet Average Speed Vehicle Mode Vehicle Mode . " ClicieS enicies
. . Vehicle Mode Engine Mode
(g/trip) (gmi) (g/sec) (g/sec) (50 (5o
el . -
Aggregate Disaggregate
Total Vehicle Class  Tech Group ~ Tech Group Vehicle Vehicle/Engine
Trips/Da VMT Speed/Accel.  Traffic Flow Activity Activity
P y Mean Link Speeds Profiles Simulation Simulation Simulation
Vehicle Activity

Figure 1.1 - Emission Modeling Spectrum (tech groups refer to sets of vehicles
with similar emission characteristics)

The intended model users include emission science experts, model developers,
transportation planners, policy makers, and governmental researchers. Each user
group has specific modeling interests that define how the model should be designed
and presented. Central to the model design is a geographic information system (GIS).
Geographic information systems are widely used computer tools that allow
geographically referenced data to be organized and manipulated. Both transportation
and air quality vary in spatial dimensions. Thus, GISs have the conceptual capability
to manage the relationships between transportation activity and resulting air quality



changes based on their spatial characteristics. - Further, GISs are already used by most
planning organizations and' government institutions. Thus, a GIS-based emissions
modeling .framework -fits .the character of emission sciencé as well as fitting the
technical environment of the expected users.

_ The variables included in the : preposed research model are those whose
relationship to vehicle activity and emission rates. has been defined. in research and
available to public agencies (see below). They can be categorized as follows:

Spatial Character:

US Census block boundaries

Land use boundaries

Traffic analysis zone boundaries (from travel demand forecasting model)
Grid cell boundaries (defined by user)

Road segments (by classification)

Travel demand forecasting network links

Grade school and university locations

Temporal Character:
e Hour of the day
Vehicle Technology:
Model year
Engine size
Vehicle weight

Emission control equipment
Fuel injection type

Modal Activity:

ldle

Cruise
Acceleration
Deceleration

Trip Generation:

Home-based work trips
Home-based shopping trips
Home-based university trips
Home-based grade school trips
Home-based other trips
Non-home-based trips



Road Geometrics:

®  Number of lanes
* Grade

Socioeconomic characteristics (for spatial allocation only):

e Housing units
e Land use (residential, non-residential, and commercial)

1.1. Summary of Contributions to Research

o An automobile exhaust emissions model is developed maximizing
comprehensiveness, flexibility, and user friendliness.

Comprehensiveness is accomplished through the inclusion of variables and
procedures identified in the literature as significant to emission rate modeling.
Flexibility is achieved by organizing the model components by geographic location,
and by maintaining a modular program design. User friendliness is achieved by
including only current data available to planning agencies, and by using a GIS
framework.

e A research tool is provided that allows for the testing of variable levels of motor.
vehicle emission model spatial aggregation.

By having the flexibility to use a variety of spatial entities, the model can
become a ‘testbed’ for determining the spatial resolution needed for future models.
This information is valuable in identifying future research needs, costs of emission
estimation, model development, maintenance, and operation. A question this model
could be used to help answer would be, “Given the current state of research, does a 1
sq. km aggregation of ozone precursors provide enough resolution to predict ozone
formation, or would a 4 sq. km aggregation be better?”

o The benefits of using GIS for emissions modeling are demonstrated.

GISs provide the ability to organize data by location, in turn providing the
capability to develop relationships with new or existing spatial datasets. This allows
for the development of creative alternatives to model construction and provides the
ability of prioritizing emission control strategies based on location.



e Research and data needs for improved spatial and temporal emissions modeling
are identified. B

A study of background research into emissions modeling coupled with an
analysis of data available in Atlanta will determine gaps in 1mportant emission-specific
variables. Further, a prioritization of the data needs based on balancing explanatory
power and cost will gulde future model development.

1.2. Report Organization

Chapter 1 presents introductory discussion of the research, providing a list of:
significant contributions, modeling components, and modeling approach.

Chapter 2 discusses background research significant to automobile exhaust
emission modeling, vehicle activity modeling, and geographic information systems.
This chapter identifies a research foundation -of knowledge that is used to develop
model parameters. : -

. Chapter 3 presents a conceptual model design that serves as the foundation of
the research approach. Accuracy, comprehensiveness, user needs, and enterprise
awareness are important considerations in developing this conceptual model.

Chapter 4 provides a physical model structure that can be used as a research
tool. ‘The model will reside in a UNIX operating system and use Make, the C
programming language, and ARC/INFO. A step-by-step guide to model use is also
provided in this chapter.

Chapters 5 and 6 analyze a model implementation for a 100 sq. km area in
Atlanta. Each module of the system is studied using sensitivity analysis, or through
comparison of observed data

" Chapter 7 will discuss data needs and present final conclusions. An expanded
model diagram will demonstrate how future vehicle types and operatmg modes can be
added to the system.

Chapter 8 lists references cited in the report, and Appendix A is a data
dictionary. '



2. BACKGROUND

This background chapter will review the key literature related to emissions
modeling. Four general areas are reviewed: automobile exhaust emissions, emission
rate modeling, motor vehicle activity modeling, and geographic information systems
(GIS). The automobile exhaust emission section will focus on the cause and effect
relationships of vehicle operation and emission production. The emission rate
modeling section will focus on techniques used by different modeling approaches to
determine vehicle emission rates. The vehicle activity section will review and identify
techniques for developing estimates of emission-specific vehicle activity. The GIS
section will discuss issues surrounding spatial and temporal modeling, and review past
uses of GIS in the transportation and air quality arena.

2.1. Automobile Exhaust Emissions

This section discusses three topics that are important in motor vehicle exhaust
emissions: the major pollutants, the cause and characteristics of their production, and
the concept of modal emissions. Understanding these three is crucial to designing a
system that is focused on cause and effect relationships.

2.1.1. Exhaust Emission Pollutants

The Clean Air Act of 1970 identified six air pollutants of concern in the United
States: carbon monoxide (CO), hydrocarbons (HC), oxides of nitrogen (NOx), sulfur
dioxide (SO,), particulate matter (PM-10), and lead (Pb). Recently, PM-2.5 was added
to this list. Nationally, in 1994, on-road vehicles were reported to contribute 62
percent of CO emissions, 42 percent of HC emissions, 32 percent of NOx emissions,
~5 percent of SO,, 19 percent of PM-10 (PM-2.5 was unreported), and 28 percent of
Pb [USEPA, 1995]. Carbon monoxide, hydrocarbons, and oxides of nitrogen are
pollutants prevalent in automobile exhaust (PM-10 is produced by diesel engines and
tire wear and Pb 1s being successfully reduced by its elimination from gasoline). For
the purposes of this research, the term ‘emissions’ will hereafter refer to CO, HC, and
NOx. All of the pollutants present health dangers to people, animals, and vegetation.
Ozone (0Os) is produced through a complex series of chemical reactions that result
from pollutants (HC and NOx) mixing in the atmosphere in the presence of sunlight.
Generally, ozone concentrations are highest in urban centers and downwind of urban



centers. Ozone has been observed to vary spatially in an urban area, and that the

~production -of -ozone .is. thecresult of pollutants mixing in space and time. It is also
interesting to note .that-‘biogenic sources of ‘HC contribute significantly to ozone
production. . For example, in the southeast United States, eliminating all the
anthropogenic .(man-made) sources of HC would still not result in passing federally
mandated ozone standards due to the levels of HC produced by biogenic (vegetation)
sources. [SOS, 1994].. This indicates that a NOx reduction policy would better serve
ozone reduction.in the southeast [NRC, 1991].

On-road vehicles have been significant contributors to air pollution since the
- 1940s. The trends in- new -car emission rates of CO have shown significant
improvement overthe last thlrty years. - The improvements have been attributed to
~ legislatively induced emission controls: for new vehicles (see secnon 2.1.2). The
actual transportation contribution to overall CO-emissions, however, has not declined
at the same rate, due in part to the fact that the Thobile emission controls are designed
to affect only a portion of the engine operating mode and because per capita vehicle
miles of travel have increased. In fact, vehicle miles of travel (VMT), auto ownership,
person trips, and fraction of single occupant vehicles (SOV) have increased
disproportionally to population growth [Johnson, 1993, Meyer, 1997].

2.1.2. The Mechanics of Exhaust Emissions

In ideal combustion, oxygen and .fuel (HC) are combusted and produce
byproduct emissions of carbon dioxide (COz) and water (H20). -Air, however,
contains nitrogen (N;) among other chemicals, and combustion is always incomplete,
producing byproducts of HC, CO, oxygen (O,), carbon dioxide (CO,), water (H,0),
and NOx [Heywood, 1988, Jacobs, 1990]. The air to fuel -(a/f) ratio. is an important
factor in determining the quantity of pollutants produced by combustion. Generally,
rich fuel mixtures (low a/f ratios) produce high amounts of CO and HC because
combustion is incomplete. Lean fuel mixtures (high a/f ratios) will typically produce
higher amounts of NOx (especially during very hot, lean conditions) and lower
amounts of CO and HC because combustion is more complete. When ‘considering
vehicle activity, high power demand (sharp accelerations, heavy loads, etc.) creates a
rich fuel mixture resulting in elevated CO and HC emission rates while NOx generally
‘decreases. At high speeds with low acceleration rates, a lean fuel mlxture develops
which increases NOx emission rates [Heywood 1988).

~ Car manufacturers. design automobile engines to maximize fuel-efficiency and
to comply with federal certification tests (Federal Test Procedure (FTP)), which means
balancmg the a/f ratio (through computerized engine controls) to its most. efficient
point (st01ch10metry) However, car manufacturers also design automobile engines to
prov1de power to meet consumer demand The certification tests do not cover the high



speeds (maximum speed is 56.7 mph) and high accelerations (maximum acceleration
is 3.3 rnphz/sec.) where rich and lean mixtures occur [Barth, 1996]. Therefore, all
automobiles are allowed to have inefficient combustion at the high ends of the speed /
acceleration spectrum in order to provide drivers with greater power on demand. New
test cycles would provide incentives for car manufacturers to reduce the designed
enrichment events resulting from power demand. This reduction could significantly
lower new car emission rates.

Vehicle technology has changed dramatically over the last thirty years and
great strides have been made in reducing emissions. In the 1960s, many vehicles were
fitted with devices that controlled the amount of fuel used for combustion, thereby
improving the efficiency of combustion and reducing exhaust emissions. In the late
1970s and early 1980s, catalytic converters were installed on new vehicles. Initially,
these catalytic converters focused on controlling CO and HC emissions. The catalytic
converters treated exhaust gas by removing much of the CO, HC, and NOx emissions
[CARB, 1990]. Because there is variability over time (model year) in the types of
emission control devices installed on new vehicles, it is probable that vehicle
characteristics will play an important role in predicting emission rates, and thus be an
important feature in model design for many years to come.

Because emission control technology significantly impacts emissions
generation, there are large differences between vehicles with functional control
systems, and those with malfunctioning, deteriorated, or nonexistent control systems.
The latter group can have significantly higher emissions [Pollack, 1992]. The
differences can be pronounced enough that researchers have termed the high emitting
vehicles ‘high emitters.” Correct representation of high emitters in the vehicle fleet
will be crucial to accurate emission modeling efforts given the magnitude of these
“above normal” emissions.

2.1.3. Modal Emissions

Modal emissions refers to the types of emissions related to specific modes of
operation. Figure 2.1 conceptually represents the relative magnitudes of exhaust
emissions for a vehicle trip in space and time. As seen in the diagram, the initial rate
of emissions is high, indicating engine start mode. After the engine warms over a
period of time, emissions drop and stabilize (hot-stabilized mode). The stabilized rate
is interrupted by periods of high emissions (enrichment mode). Each of these three
automobile exhaust-operating modes is discussed in the following sections.
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Figure 2.1 - CO Emissions for a Hypothetical Vehicle Trip

2.1.3.1. Emissions in Start Mode

Motor vehicle emission rates are elevated during the first few minutes of
vehicle operation. This is primarily caused by emission control equipment that
functions well only at high temperatures. The magnitude of the emissions is a function
of: commanded air/fuel ratios, catalyst temperature, and engine temperature (Jacobs,
et al., 1990; Heywood, 1988; Joy, 1992; Pozniak, 1980). Most onboard computer
control systems initially demand an enriched fuel mixture so the engine will not stall
or hesitate during the warm-up period. Thus, the high emissions concentration in the
exhaust plume is initially a direct function of the computer control system which
varies from vehicle to vehicle. Commanded enrichment may cease when a specific
time has passed or when a specific coolant temperature is reached. As engine
temperatures rise, combustion efficiency improves and emissions concentrations are
gradually reduced. Finally, to be effective, catalytic converters must reach “light-off”
temperatures of roughly 300 °C. Until the catalyst reaches this temperature, emission
concentrations in the exhaust plume remain high. Catalyst temperature rise is a
function of initial catalyst temperature, exhaust gas temperatures, exhaust gas volumes
passed through the converter, and emissic: concentrations.” *Thus, the magnitude of
elevated emi- ‘. ns associated with engine «:arts is also a function of the amount of
time the veiuc's has remained inactive (t'.. affects the catalyst and exhaust gas
temperatures), and a function of the manner ..; which the vehicle is operated after the
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engine is started (which affects exhaust gas volumes and hydrocarbon loading). Cold
starts, engine starts that occur when the engine temperature is below the catalyst light-
off threshold, have higher CO and HC emissions.

Two approaches have typically been employed to model engine start emissions:
1) starts are modeled as discrete emission-producing activity, or a “puff,” and 2) starts
are modeled as a function of a base emission rate (hot-stabilized exhaust) adjusted for
conditions that elevate emission rates (Guensler, 1994). The California Air Resources
Board's.(CARB's) emission rate model (EMFACTF), for example, treats the elevated
engine start emissions as a single "puff" (i.e. separate from running exhaust) and
multiplies the number of engine starts by a cold start emission rate. The US
Environmental Protection Agency's emission rate model (MOBILESa), on the other
hand, increases the calculated running exhaust emission rate for vehicles, based upon
an assumed fraction of vehicles operating in cold start, hot start, and hot stabilized
modes. MOBILESa documentation recommends using 20.6% as the percentage of
operating vehicles in cold start mode and 27.3% in hot start mode (based on the FTP
analysis). These percentages do not consider location or functional class and were
highly correlated to time of day and trip purpose [Venigalla, 1995a].

Historically, the number and location of cold starts have been based on trip
generation models (see section 2.3.1) using socioeconomic predictors. Considering
emission output, the major factor is not the actual number of starts, but the duration
and location of a vehicle operating in start mode. Therefore, a vehicle trip lasting
through the start mode will have significantly greater total pollutant production than
the few seconds of a false start (an engine start that does not result in a vehicle trip).
Research has shown that 180-240 seconds is the approximate average cold start mode
duration. In 200 seconds, a vehicle traveling at 35 mph can travel over two miles. A
spatially resolved model of start emissions must be able to identify the trip origin and
the point on a traveled route where a vehicle moves from elevated emissions in start
mode to reduced emissions in hot-stabilized mode. Given that the actual duration of
the start mode is not necessarily 200 seconds but a function of a number of engine
parameters and conditions, the ability to model on a large scale where the switch in
operating modes occurs for a fleet of operating vehicles becomes quite complex.
Because trip generation is estimated on a zonal basis, a zonal distribution of engine
parameters and conditions may provide enough regional disaggregation and zonal
aggregation to identify quantities of pollutants produced. Crucial to success, however,
is the size of the zone.

The determination of whether a start is “cold” or “warm” (a warm start occurs
when the engine is still warm and therefore closer to catalyst light-off temperature) is
also a difficult problem. The duration of the engine soak time (length of time the
vehicle is not running) has been used to determine whether a vehicle has a cold or
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warm engine, thus aff::ing the. duration-of elevated emission: rates [Sabate, 1994].
Cold starts occur after 4 hours of engine-off activity for non-catalytic converter
vehicles, and after 1 hour for catalyst equipped vehicles. Therefore, the parking
duration of vehicles indicates how long it will take before the engines warms
sufficiently after a start.

The engine “cold” and “warm” start conditions pose a difficult modeling
problem. The temporal characteristics of vehicle start activity play an important role
in predicting appropriate emission rates. The travel patterns of vehicles also become
important. A model including cold and warm start vehicle activity must be spatially
and temporally resolved and include predictions of travel behavior and vehicle
technology descriptions.

2.1.3.2. Emlssions in Hot-stabilized Mode

Hot-stabilized emissions occur after a vehlcle s engine has reached sufficient
catalyst light-off temperature. - When the emission control equipment runs efficiently,
emission rates reach a low, fairly stable level. The stabilizing effect also occurs on
non-catalyst vehicles due to decreased commanded enrichment, cylinder quenching,
and engine oil viscosity. The stabilized emission rates actually fluctuate slightly
according to vehicle characteristics, environmental conditions, and vehicle operating
modes [Guensler, 1993a]. Vehicle characteristics that have been identified as possibly -
having explanatory power for a vehicle’s emission rate include model year, engine
size, accrued mileage, emission control equipment type (such as catalytic converter
type) and condition, fuel delivery technology, engine monitoring and control strategies
(integrated into the electronic control module), gear shift ratios, and vehicle weight
and shape (for aerodynamic drag) [Guensler, 1994, Barth, 1996]. Environmental
conditions include ambient temperature, altitude, and humidity [Guensler, 1994,
Barth,'1996]. Vehicle operating modes include cruise, acceleration, deceleration, idle,
and induced vehicle loads (e.g., number of passengers, trailer towing, grade, and air
conditioning) [Guensler, 1994, Barth, 1996]. A vehicle can move in and out of hot-
stabilized emission mode when sufficient power is demanded causing a rich air to fuel
ratio. When power is demanded causing an enriched fuel condition, emission rates
change dramatically (see section 2.1.3.3). :

Current models account for some but not all of the factors listed above.
Instead, surrogate factors, which are correlated to the factors of interest, are used
because they are much easiPr to obtain for a regional fleet of vehicles. For example, in
the EPA MOBILESa mc:::! an- the California Air Resources Board EMFAC7F
models, the effects of .. »eler‘.uon, deceleration, cruise and idle are currently
represented by a single surrogate factor, average operating speed. Average operating
speed is correlated with different proportions of vehicle operating modes. Surrogate
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vehicle attributes include model year, fuel delivery technology, catalytic converter
type, accrued. mileage, and vehicle condition, and are relatively easy to obtain or
estimate for a regional fleet of vehicles from registration and inspection / maintenance
databases .

2.1.3.3.  Off-Cycle Exhaust Emissions

Off-cycle emissions are those emission events which occur outside the
envelope of the Federal Test Procedure (FTP). The FTP dynamometer test cycle was
used as the basis for current model emission rates. Because the FTP cycle did not
include vehicle activity with speeds above 57 mph and accelerations greater than 3.3
mph/sec, a certain portion of actual vehicle activity 1s unrepresented in the test dataset.
Activity outside the tested ranges would represent high engine loads and throttle
positions that push engines into enrichment conditions. These events are of crucial
importance, not just because they aren’t included in the analysis of emission rates used
for current models, but because these events are known to produce the highest
emission rates [Benson, 1989;-Groblicki, 1990; Calspan Corp., 1973; Kunselman, et
al., 1974]. In fact, one sharp acceleration may cause as much pollution as does the
entire remaining trip [Carlock, 1993]. Emissions models may be underpredicting
emissions by fairly high margin.

Spatial modeling of off-cycle exhaust emissions requires the ability to predict
vehicle speeds and accelerations at a resolution deemed significant by emission rate
research. Speeds and accelerations could identify the fraction of the fleet that may be
unrepresented in current emission rates. Further, research into the reanalysis of second
by second emission test data is discovering substantial amounts of test data outside the
FTP envelope [Siwek, 1997]. The reanalysis could predict emission rates based on
speed and acceleration characteristics. Further, there is a need to develop emission
estimates at a facility level [Venigalla et al.,1995a]. That is, it must be able to predict
the locations of enrichment events. If facility-level speed and acceleration profiles can
be predicted, emission rates can be applied.

2.2. Automobile Exhaust Emission Rate Prediction

Three emission rate modeling approaches are discussed in this section; an
emission-factor approach, a physical approach, and a statistical approach. Each model
type has particular advantages and disadvantages. All of the approaches suffer from
two limiting factors:
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Inadequate Vehicle Test Data.. There is a significant amount of emission test data
.compiled over the years (over 700 vehicles and over 8000 vehicle tests). Most
of the testing was done by agencies attempting to determine new car
conformity to emission standards. New cars are run through the Federal Test
Procedure (FTP) which is a set of three test .cycles run ‘on a dynamometer.
There is a cold start cycle (bag 1), a running exhaust cycle (bag 2) and a hot
start cycle (bag 3). The cycles are called ‘bag’ data because emissions are
collected in a bag during the test. All of the test datasets suffer from at least
one of two major limitations, sample size and (or) unrepresentative cycles.
The FTP cycle, for example, does not test accelerations above 3.3 mph/sec or
speeds above 57.5 mph. Other test cycles that have high speed and
acceleration data do not have a representative sample of the on-road fleet.

Inadequate prediction of emission-specific vehicle activity. Emission-specific
vehicle activity refers to the division of vehicle operation into groups that differ
significantly in their resulting emission rates. All of the approaches require
vehicle activity as an input. The best predictor of vehicle activity for
metropolitan areas is currently the four-step Urban Transportation Planning
System (UTPS) (see section 2.3.1). Although advances have improved the
ability of these models to predict emission-specific vehicle activity, most
MPOs still use models that have significant errors in facility-level estimates of
volume and average speed [Stopher, 1993, Harvey, 1991, Outwater, 1994].

All of the modeling approaches focus on developing emission production
estimates, but few present systems are designed to address facility-specific impact
issues. This issue is crucial in defining which emission rate model approach best fits
the technical capabilities and economic constraints of agencies required to make
estimates. In other words, the most accurate model for predicting the emissions of an
individual vehicle may not be the most useful for certain types of modeling situations.
It may also become evident that the understanding of the causes of an individual
vehicle’s emission rate has greatly surpassed the ability to collect the input variables
for a real-world operating fleet. Important to this issue is the level of aggregation
manifested 1n deterministic or stochastic approaches.

2.2.1. A Speed Correction Factor Approach

Both - ;2 USEPA’s a~d the CARB’s modeling systems use a ‘speed-correction
factor’ approach to predict  zregate emission rates. The systems are mandated for
use in conformity determi: on despite their widespread tistical and theoretical
criticism. The models selec. a base emission rate dependir z on a variety of vehicle
technology and environmental parameters. The base emission rate is then factored or
adjusted based on the ratio of the observed speed to the average FTP cycle bag 2 speed
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(16 mph). - As the models are currently used, the documentation suggests using default
values for national fleet averages and other variables. On the positive side, the
modeling system is not data intensive, it requires only inputs of total vehicle miles
traveled (VMT), average speed, and a cursory knowledge of fuel type and climate data
to get estimates of pollutant production. The system is easy to use and widely-
implemented by agencies without significant capital or operating expense. On the
negative side, it is not responsive to changes in important variables (acceleration, fleet
makeup, engine load, etc.).

The emission rate models are based on data collected from the FTP cycles
developed for new car emission testing. Added to the problems noted earlier with the
FTP cycle data, the modeling methodology is highly aggregate and therefore
insensitive to microscale variability [Guensler et al., 1993b]. The approach, therefore,
may not be able to accurately identify the best choice between small scale
development alternatives (changes in lane widths, signal coordination, etc.).

The EPA’s Office of Mobile Sources continues to support research which will
help to identify incremental improvements to their modeling process. Currently,
MOBILE 5a is the mandated emission rate model, and MOBILE 6 is under
development. Modal issues, non-FTP cycle estimates, and other emission rate specific
factors are planned for implementation.

2.2.2. A Physical Approach

The physical or deterministic approach to emissions modeling is designed to
develop accurate emission estimates using many variables. The University of
California at Riverside is currently developing such a modal modeling approach under
a three year National Cooperative Highway Research Program project. The approach
will track the vehicle components and conditions that affect emission rates. The
model is designed to track an individual vehicle’s power demand and engine
equipment status. Power demand is predicted using environmental parameters (wind
resistance, road grade, air density, temperature, and altitude), and vehicle parameters
(velocity, acceleration, vehicle mass, cross-sectional area, aerodynamics, vehicle
accessory load, transmission efficiency, and drive-train efficiency). Power demand is
combined with other engine parameters (gear selection, air/fuel ratio, emission control
equipment, and temperature) to develop dynamic vehicle or technology group
emission rates. When combined with a vehicle’s operating parameters, deterioration
(the change in emission rate over time due to catalyst decay or equipment
malfunction), and fuel type, the model produces highly time resolved emission
estimates which promise to be more accurate at the microscale level than any model
produced thus far. Vehicle test data for their model are being collected on
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dynamometers (~300 vehicles) as part of the project. Final test data should be
available in two to three years [Barth 1996). : ' .

Barth, et al. recognize that their approach is data intensive, but accurate
emissions modeling forces it to be so. The vehicle data requirements are many and go
beyond the availability of information found in vehicle identification numbers (VINs)
that are maintained by state registration datasets. A lookup table could be developed
for missing parameters based on vehicle make, model, and model year. Other data
(environmental, and operating conditions) would have to be developed from other
models. The physical approach fits well with a simulation model of vehicle activity
(see section 2.3.2) because the simulations track individual vehicles.

The use of the physical model approach for regional impact modeling requires
data aggregation. - As with other models, the approach is plagued by poor estimates of
emission-specific vehicle activity. Because the physical approach appears to be the
most accurate mode! for predicting an individual vehicle’s second-by-second emission.
rate, vehicle-specific second-by-second activities are needed to get accurate results.
Because accurate prediction of these parameters relies on predicting human behavior
among other highly variable data, it is likely the activity estimates will have high
variability. Aggregating to statistical distributions of the data will lessen this problem,"
but departs from the original intention of highly accurate second-by-second estimates.
The large number of input variables introduce error associated with the ability in
predicting their values. The algorithms may be solid, but data input error could

significantly degrade the accuracy of the final estimate. ‘

2.2.3. A Statistical Approach

Researchers at Georgia Tech have develoned a modeling approach that is based
on statistical distributions of a variety of vehic}: technologies and vehicle operating
modes. The core of the emission rate mode: s based on hierarchical tree-based
regression analysis (HTBR). The tree analysis is a statistical procedure that iteratively
splits a dataset into two parts by; (1) selecting a variable that controls the most
variability, and (2) determining a cutpoint of that variable that explains the most
variability. The result is a ‘tree’ where each ending node is a set of predictor variable
conditions, and an emission rate (for each pollutant and operating mode). Once a
‘tree’ is developed, adjustments are made to the values based on load (from wind
resistance, grade, and accessories).

Georgia Tech researchers combined a variety of emission test datasets from a
number of sources in order to maximize the comprehensiveness of the vehicle fleet
and potential operating conditions. The data have been re-analyzed to allow modal
parameters to be included. Although there are still limitations with the dataset
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(representative fleet and cycle operating conditions), an extensive emission rate ‘tree’
has been developed. The HTBR approach is also plagued with the lack of availability
of adequate data input. Extensive vehicle data (model year, engine size, fuel system,
emission control, vehicle class, vehicle test weight) and vehicle operating data (speed,
acceleration) are needed for predicting emissions. One benefit to the approach is that
it can be adjusted. for missing data. If one particular variable is missing from the
dataset (vehicle test weight, for example, is not stored in the Vehicle Identification
Number), the HTBR can be re-run and produce new emission rates that exclude that
variable: The new rate may, however, be less accurate, depending on how significant
the missing variable is to emission estimation. Another benefit to the statistical
approach over current models is the ability to put confidence bounds around each
estimate. This becomes important when estimates for a variety of conditions on a
certain facility segment are added together to produce a single facility estimate, whose
accuracy must be quantified.

Critics of this modeling approach have suggested that the inability to track
causal variables results in a model that is unable to predict the effects of new
technology. There are three counter-arguments to this criticism, (1) because control
standards continue to tighten, it is more important to model the old technology instead
of the new, (2) no model can expect to accurately predict future technology changes,
they can only develop relationships based on known conditions, and (3) if surrogate
variables are correlated to casual ones, the model will still continue to work.

2.2.4. Emission Rate Modeling Summary

The microscopic physical approach taken by Barth et al. has the potential to
provide the most explanatory power, disregarding input data error issues that can’t be
quantified at this time. It is also clear from the research that the speed correction
factor approach is highly aggregate and inappropriate for the modeling needs of
research and planning agencies. The statistical approach provides near-term
improvements and allows for facility level aggregations of data. An important factor
in selecting a particular emission rate modeling approach is its ability to fit within the
framework of the larger ‘data model’ issues regarding the user needs of measuring and
predicting transportation impacts on air quality. The ‘data model’ in this context
refers to the design of an entire modeling system from user needs to data structure and
connectivity. The statistical approach seems most appropriate given the scope of this
research because it appears to fit the balance between accuracy and implementability
identified as a modeling objective in Chapter 1.
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2.3. Vehicle Activity Modeling

2.3.1. Urban”'l'ranspdrtation Plénnlng System (UTPS)

The Urban Transportation Planning System, (or travel demand forecasting
model), first developed in.the 1960s, was designed to predict travel flows within an
urban area. The primary purpose of the system was to guide new infrastructure
investment [Outwater, 1994].. Because of its predictive nature and widespread use, the
use of this modeling approach has expanded beyond the original intent to predicting
emission-specific vehicle activity. Until recently, vehicle activity has meant vehicle
miles traveled (VMT) and average speed, the inputs to mandated emission models.
However, as understanding of emission behavior expands, so does the definition of
vehicle activity. Emission-specific vehicle activity now encompasses detailed modal
parameters which UTPS models are incapable of predicting. Researchers have
identified numerous deficiencies in the approach (outside implementation problems);
the facility level (link) estimates are highly variable, the models do not predict off-
peak travel well, seasonal variations in travel are not considered, model size is limited,
and the models are not sensitive enough to measure mandated TCM effectiveness
[Stopher, 1993, Harvey, 1991, Outwater, 1994].

Along with theoretical problems, there have been a significant number of
implementation problems including: lack of feedback components, insufficient current
socioeconomic data and inadequate validation procedures [Harvey, 1991, Outwater,
1994]. Model results have indicated an accuracy range of 5-30% error in overall VMT
estimates and 5-20 mph error in average speeds. [Miller, 1995]. Average error by
models implemented by MPOs is 10% for VMT and 15 mph for average speed
[Stopher, 1993]. Errors also increase as one moves from higher to lower road
classifications. To add to the problems, the same models that are criticized as too
simplistic are too complicated and costly for proper implementation by many agencies.

Despite these errors and theoretical deficiencies, the models represent the state-
of-the-practice. In fact, they represent the only short and medium range alternative
available for widespread implementation. There is a significant amount of research on
techniques for improving the UTPS and hopefully 1mprovements will result in better
predictions of vehicle activity in time and space.

The Travel Model Improvement Program administered by the US Department
of Transportation is attempting to improve the travel forecasting capabilities. Some of
the potential improvements to predicting emission-specific vehicle activity are as
follows. (1) There is a shift away from trip-based moc: - towards activity-based
models.  Activity-based models better represent tem: :al changes and mode
alternatives. (2) Development of stochastic microsimulaticn techniques aggregated to
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area traffic patterns will allow improved sensitivity to temporal changes. (3) The use
of longitudinal panel surveys will more accurately identify cross-sectional survey
(current technique) biases.

2.3.2. Simulation Models (TRANSIMS)

Simulation models are being viewed by many as the solution to the problems
facing the UTPS. Simulation models generally come in three forms, microscopic,
mesoscopic, and macroscopic. Microscopic models track individual vehicles and their
relationships with other vehicles. Macroscopic models approximate traffic flow as a
fluid and use a facility (road segment) as a the base unit. Mesoscopic models combine
elements of both depending on the needed function. Simulation models have
successfully been used for optimization (signal timing, traffic flow) and for forecasting
(predicting results of a change). Models can be deterministic or stochastic (by
allowing some randomness into the process). By their nature, simulation models have
the theoretical and computational capability to predict facility-level activity at a
resolution needed to predict emission-specific activity. The structure and data
requirements of existing models have prevented their implementation for an entire
urban structure, and force use at the facility level. Most models have been developed
to answer specific problems instead of complete system simulation. However, a new
generation of simulation models is taking a broader scope and the models are being
designed around regional systems instead of specific traffic-flow issues. Recent
advances in modeling theory, microscopic modeling, and computing power may have
expanded the role of traffic micro-simulation modeling from the facility scale to the
urban/regional scale.

Advances made by “TRANSIMS” (Transportation Analysis and SIMulation
System) have led many to believe that they have found a replacement for the UTPS
type models. TRANSIMS is being developed under the US Department of
Transportation’s Travel Model Improvement Program and funded by the Federal
Highway Administration and other federal agencies. The intent of the project is to
develop a system that will be able to answer questions regarding policy and
infrastructure change for an entire urban area. One of their major selling points is their
focus on predicting air quality and other environmental impacts.

TRANSIMS will be a set of modules that can be run separately or together.
The first module is a household and commercial activity module that uses US Census
data to develop a synthetic population of individuals for Census Tracts and Block
Groups and predicts synthetic economic activity and resulting travel demand. The
second module is the intermodal route planner that takes the activity-based travel
demand and develops trip plans for every individual that can be adjusted depending on
the activities of other individuals over time. The third module is the travel
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microsimulation module that tracks . individuals and their vehicles, and their
relationships to other vehicle activities, on the road network using a ‘cellular
automata’ technique. The final module is the environmental module that predicts a
variety of environmental conditions including mobile source emission prediction,
atmospheric mixing, and concentrations. The outputs of TRANSIMS will be
summaries of second by second data at cells of 7.5 meters.

TRANSIMS promises to provide unique solutions to the integration of
macroscopic and microscopic transportation modeling and provide advances in a
number of simulation issues. Issues that the developers must address are validation
and implementation. All of the new algorithms and techniques must be individually
validated against observed data. The time frame and cost of implementation at a new
urban area may be extensive due to the input data requirements.

Despite a number of issues that must be addressed by TRANSIMS developers,
it is apparent that the spatial and temporal resolution of emission-specific vehicle
activity could be substantially improved by TRANSIMS in the future. This aspect
identifies the emission modeling need for incremental research that builds towards a
future system that can move toward the objectives defined by the Los Alamos
researchers.

2.4. Geographic Information Systems

A geographic information system (GIS) is “a computer-based information
system that enables capture, modeling, manipulation, retrieval, analysis and
presentation of geographically referenced data” [Worboys, 1995]. The rise of GIS
technology and its use in a wide range of disciplines provides transportation and air
quality modelers with a powerful tool for developing new analy-:. capability. The
organization of data by location allows data from a variety of sources to be easily
combined in a uniform framework. For example, vehicle registration information can
be combined with census data to develop driver-vehicle profiles. Or, high traffic
volume areas can be combined with satellite analysis of vegetation decay to study
environmental impacts. Another important feature of GIS is its ability to bridge the
technical gap between analysts’ and decision-makers’ need for easy-to-understand
information . The communication power of GIS (thematic maps, GUIs, 3-D surface
plots, etc.) is a feature th.  as made GIS one of the most used platforms for planning
in the U.S. GIS provid:. the ability to get quick answers to technical questions.
Literature on G